Changes occurring in several chloroplast components during Norflurazon-induced photobleaching of Pisum sativum seedlings were investigated. mRNA steady state levels of the chlorophyll a/b-binding protein of photosystem II, ferredoxin I, the small and large subunits of ribulose 1,5-bisphosphate carboxylase, and pEA214 and pEA207, two other lightresponsive genes, were determined during chlorophyll photooxidation. Relative transcription rates were assayed in isolated nuclei. The results illustrate a complex set of interactions regulating expression of the nuclear and chloroplast genomes. Photobleaching was found to affect the expression of the various genes in different ways. While transcript levels of the chlorophyll a/b-binding protein decreased by more than 80% under photooxidative light conditions in carotenoid-deficient peas, levels of ferredoxin, the small and large subunits of ribulose 1,5-bisphosphate carboxylase, and pEA214 mRNAs were reduced by less than 50%. pEA207 mRNA levels, on the other hand, were resistant to the effects of photobleaching. Analyses of chlorophylls a and b and the chlorophyll al b-binding protein suggest that accumulation of the protein and its mRNA are coordinated with chlorophyll abundance at several steps. In addition to post-transcriptional regulation at the level of mRNA and protein stability, there may exist coordination at the transcriptional stage.
Since most (>80%) chloroplast proteins are nuclear encoded (14) , the nuclear and chloroplast genomes must coordinate gene expression to bring about normal development of a green plant. The messenger RNAs of the nuclear-encoded chloroplast proteins are translated on cystosolic ribosomes and transported into the plastid where they are incorporated into the photosynthetic machinery. The nuclear-chloroplast interaction can be studied both during greening ofetiolated tissue and by the use ofmutants lacking Chl. In addition, one can study plants that are blocked in carotenoid biosynthesis either because of mutations or due to growth in the presence of herbicides such as Norflurazon [NF4; 4-chloro-5-(methylamino)-2-(a,a,a-trifluoro-m-tolyl)-3(2H)-pyridazinone] (7) . In the absence of protecting carotenoids in these plants, high light intensities cause "bleaching" of the green parts (1, 19) . ' In plants lacking carotenoids, as a result of nuclear mutation or herbicide treatment, under high light growth conditions plastids are arrested at a rudimentary stage in development (4) . By contrast, in low fluence-rate light, carotenoid-deficient chloroplasts develop normally and are similar to plastids from normal plants grown under low light (5, 6, 42) . mRNAs coding for Cab failed to accumulate in high light-grown, carotenoid-deficient plants. This reduction in Cab mRNA, related to photobleaching, has been reported for maize (Zea mays) (27, 37) , barley (Hordeum vulgare) (8) , and mustard (Sinapis alba) (31) . Furthermore, Cab gene transcription measured in isolated nuclei also decreased in barley and maize (8, 37) . Normal mRNA levels were found in NF-treated, carotenoid-deficient plants grown in low light (8, 31) , indicating that the presence of NF or absence of carotenoids per se did not prevent Cab mRNA accumulation. Moreover, since Chl-deficient mutants of barley and maize were found to have normal amounts of Cab mRNAs (8, 27) , lack of Chl also does not appear to be responsible for absence ofthese transcripts.
Besides affecting Cab (both RNA and protein), Chl photooxidation was found to cause an alteration in mRNA and protein levels of the small subunit of ribulose 1,5-bisphosphate carboxylase (26, 30, 31) . In maize, the accumulation of several cytosolic mRNAs besides Cab and RbcS was affected (13) , although the effect seen on the different mRNA species varied widely. Similarly, chloroplast proteins exhibited varying degrees of sensitivity to damage caused by photooxidation (26) . Cytosolic mRNAs or proteins not associated with the plastid were not affected by this treatment (32) . The existence of a signal from the plastid to the nucleus (absent during photodestruction of the chloroplast) was therefore postulated as a factor regulating the accumulation of nuclear-encoded chloroplast proteins (30, 37) .
We are interested in various aspects of light-regulated gene expression in Pisum sativum (garden pea). In the present study we report on the interaction between the nucleus and the chloroplast during photobleaching in NF-treated, carotenoid-deficient peas. To gain an understanding of regulatory signals coordinating gene expression between the developing plastid and the nucleus, we examined the effects of Chl photooxidation on the levels ofmRNAs for several chloroplast proteins for which cloned probes are available in the laboratory. Five probes represent nuclear-encoded mRNAs: Cab, Fed I, RbcS, pEA214, pEA207; one, rbcL, is encoded by the chloroplast genome. pEA214 and pEA207 both represent as yet unidentified nuclear-encoded, light-responsive genes (24, 38) , but whereas RNA levels corresponding to pEA214 increase in light, pEA207 mRNAs decrease in white light as compared to the level in etiolated pea buds.
Changes in the rates of transcription in isolated nuclei were determined for the photooxidation-sensitive nuclear genes, and steady state mRNA levels were analyzed for all six genes. The relationship between levels of Chl (a and b) as well as levels of Cab protein and its mRNA were also examined. (25) . Filters were washed briefly in 2 x SSC at room temperature, followed by two washes in 0.3 x SSC at 650C for 1.5 h. Hybridization was quantitated by autoradiography and densitometry using an LKB Ultra Scan (LKB Instruments, Pleasant Hill, CA).
The isolation and properties of the clones used to analyze mRNA levels have been previously described (38) . pEA46 has been identified as a ferredoxin I cDNA (16 Steady state levels of mRNAs corresponding to the various light-regulated genes under the conditions described above are summarized in Table I . In dark-grown pea buds the mRNAs for all six genes/gene families were present at a "basal" level. Transcript levels were similar in herbicide-treated and untreated plants (except Cab, rbcL, and pEA207, where the levels were somewhat higher in the NF-treated plants). Transfer to white light of untreated seedlings produced a dramatic increase in the mRNA in each case except pEA207 where, as expected, there was a decrease (24, 38) . This reduction in pEA207 mRNA occurred both in control and NF plants, indicating that NF treatment did not affect the accumulation of this transcript. Cab, Fed I, RbcS, and pEA214 mRNAs each increased six-to eightfold, while for rbcL the increase was about threefold. Noticeably smaller increases occurred in the NF-treated plants, although the magnitude of the NF effect varied from one RNA species to the next.
In plants grown in continuous red light, RNA amounts were similar in both untreated and NF-treated seedlings (although several fold higher than in the dark-grown plants, in all cases except pEA207; Table I ). When red-grown control plants were placed in white light, RbcS mRNA increased most dramatically, while the increases in pEA214, Fed I, and rbcL were less. In contrast to the increase in Chl observed under the same conditions (Fig. 1) , levels of Cab mRNA remained unchanged. However, when red light-grown, NF-treated plants were exposed to white light, Cab mRNAs declined about six-to sevenfold, consistent with the large decrease seen in Chl. RbcS, rbcL, and pEA214 mRNAs decreased much less (about 1.5-fold), while Fed I RNA abundance did not appear to change. In control plants grown continuously under white light, mRNAs corresponding to the various genes were at the highest levels measured (lowest for pEA207). These levels were reduced by different amounts by the herbicide treatment. Again, as for the other light treatments, pEA207 mRNA in NF-treated plants was similar to that in the control plants. (28) . Bars indicate the mean ± SE; 1.0 A664 corresponds to 270 ,g of total Chl per g fresh weight. (Table I) , the most useful light treatment to study nuclear-chloroplast interactions during photobleaching appeared to be growth in continuous dim red light followed by transfer to high light. Unlike growth in the dark or strong white light, the low fluence-rate red light permits Chl accumulation-although at somewhat reduced levels (Fig. 1) (10) . In the NF-treated plants, both Chl a and b decreased in the white light (Fig. 2, panel B (8, 37) . To determine the steps at which the RNA abundance changes were regulated in pea, we first analyzed the time course of mRNA accumulation for Cab, Fed I, RbcS, rbcL, and pEA214 in red light-grown, control, and NF-treated plants, during the 24-h white light treatment period. Relative rates of transcription were also determined for the nuclearencoded genes by nuclear "run off" assays (as detailed under "Materials and Methods"). Transcription in isolated nuclei is generally believed to represent, at least in part, an elongation of previously initiated RNA molecules. These experiments should thus reflect the change in number of polymerase molecules associated with the genes under study during the white light treatment. The results of the kinetic and transcription data are shown in Figure 3 plants prior to white light, the Cab mRNA levels were the same in both cases (see Fig. 1 and Table I ), suggesting independent mechanisms of regulation for the accumulation of these two closely related components of the light-harvesting complex (see also 22) .
It is important to note that, although the steady state Cab mRNA levels do not increase above the amounts already accumulated in red light, there is a distinct increase in transcription rates, as assayed in isolated nuclei, in white light (compare control 0 and 24 h in Fig. 4) . This implies the possibility of a posttranscriptional mechanism regulating the abundance of this mRNA.
Compatible with the four-to sixfold decrease in Chl, the herbicide-treated seedlings showed a six-to sevenfold reduction in steady state Cab mRNA in white light. Not only was the white light-induced increase in transcription of Cab genes (seen in the control plants) inhibited in the NF plants, but transcription was specifically diminished by NF treatment (compare Cab control and Norflurazon 0 and 24 hr in Fig. 4) . Although NF-induced photooxidation was correlated with reduced Cab gene transcription in maize (37) , the white light-stimulated increase in Cab transcription seen in our experiments was absent.
We also investigated the changes in RbcS (nuclear) and rbcL (chloroplast) RNAs. Comparison ofthe accumulation ofmRNAs encoding the small (RbcS) and large (rbcL) subunits of ribulose 1,5-bisphosphate carboxylase (panels B and C, Fig. 3 light, followed by a decrease to 65% ofthe initial mRNA amounts by 18 h (panel B, Fig. 3 ). Transcription in isolated nuclei indicated that the white light-stimulated increase in transcription seen in control peas is suppressed by the NF treatment (Fig. 4) . Because ofthe low hybridization signal, however, it is not possible to say whether there is an actual decrease in transcription.
Transcripts of rbcL were reduced by 50% within 14 h of white light treatment. These final levels, still surprisingly high considering the almost complete photooxidation of Chl, suggest that either rbcL mRNA has a long half-life or that the photobleached plastids are still capable of some rbcL RNA synthesis under our experimental conditions. Presumably, longer light treatments would further reduce rbcL amounts as suggested by the lower levels present in white light-grown seedlings (Table I) . Fed I mRNA (panel D, Fig. 3) showed a slow 1.2-fold increase in the control seedlings. The steady state mRNA levels in NFtreated seedlings showed an initial rapid increase followed by a decline. The levels were reduced by about 30% within 14 h of white light. Analyses of the transcription rates in isolated nuclei were inconclusive. pEA2 14 represents an unidentified phytochrome-regulated nuclear gene (24, 38) . The mRNA corresponding to this cDNA clone shows a low fluence response and increases linearly following a pulse of red light (24) . Its sensitivity to the NF treatment suggests that the pEA214 gene product may also be a nuclearencoded protein destined for the chloroplast, since cytosolic proteins and mRNAs do not appear to be affected by NF (32) . Proof of this hypothesis will ultimately reside in identification at the protein level. pEA2 14 is an example of a gene whose mRNA steady state levels (Table I) and transcription rates (see Fig. 4 ) were similar in control and NF-treated plants grown in red light, a pattern that was also found in the case of Cab. Again, as for Cab genes, transfer to white light strongly stimulated pEA214 transcription in control plants, and NF treatment inhibited this increase (Fig. 4) . In contrast to the decreased transcription of the herbicide-treated Cab genes, transcription before and after the white light treatment was unchanged in the case of pEA214 (see Norflurazon 0 and 24 hr, Fig. 4 ). The transcriptional regulation ofpEA2 14 may represent another type ofgene regulation during NF-induced photooxidation-decreased RNA steady state levels (panel E, Fig. 3) , without a detectable change in transcription.
Regulation of Chl a/b-binding Protein Levels during Photooxidation. The appearance of Cab mRNA is induced by phytochrome stimulation in pea (15, 23) , barley (2) , and Lemna (36, 39) . However, although a pulse of red light is sufficient to induce an increase in mRNA in etiolated barley, it is not sufficient for Cab polypeptide integration in the plastid membrane (3). Since Cab protein was found to turn over rapidly in etiolated or lighttreated seedlings transferred to the dark, Chl accumulation has been postulated to be a necessary step in stabilization of the Chl a/b-binding protein (3, 10) .
We therefore investigated the relationship between Chl, Cab mRNA, and Cab protein during photobleaching. Membrane proteins extracted from buds of control and NF-treated pea seedlings exposed to white light for varying lengths of time following growth in continuous red light were subjected to Western blot analysis as described. Results of a representative experiment are shown in the top panel in Figure 5 . The lower panel shows a quantitation of the blot.
At 0 h when the seedlings had not been exposed to any white light, the Chl a/b-binding protein in control plants was present at about 30% of the maximum level reached. Unlike Cab transcripts, which remained unchanged, the protein level increased with increasing time of white light treatment, reaching a maximum by 12 h. In NF-treated seedlings, on the other hand, at 0 h Cab protein was barely detectable (the blot shown here was highly overexposed), although the mRNA level was normal and the Chl slightly reduced. Within the first 4 (Fig. 2) as well as Cab mRNA (panel A, Fig. 3) , which declined dramatically during that period. These results suggest the existence of an array of regulatory mechanisms controlling accumulation of Chl, Cab protein, and its mRNA. DISCUSSION A green plant regulates the expression of its nuclear genes in a tissue-and stage-specific manner, as well as coordinating expression of the nuclear and plastid genomes during development. We have studied the regulation of several nuclear-encoded chloroplast proteins in pea seedlings made carotenoid deficient by growth in the presence of the herbicide Norflurazon. Growth in low-fluence red light permitted normal seedling development in both control and NF-treated plants, although Chl accumulation was slightly reduced in the latter, possibly as a consequence of some photooxidation (Fig. 1) Transcript abundance analyses depicted in Figure 3 for the three nuclear genes encoding known chloroplast proteins ( (18, 29, 34, 40 Fig. 3 and 4) , there must exist a post-transcriptional regulation of these transcripts. The Finally, Cab regulation also appears to occur at a translational or post-translational step. We observed an increase in Cab protein in both control and NF-treated peas upon transfer to white light, although the mRNA level did not change in the former and was actually decreasing in the latter. Regulation at a translational step has been reported for Lemna (35) and Amaranth (1 1).
Whatever the mode of communication between the two genomes in a green plant, the observations described in this study indicate a diverse set of signals that coordinate expression of the nucleus and the chloroplast in a variety of ways. It will be of interest in further experiments to dissect this question biochemically and with the use of mutants.
